capillary diffusion capacity; capillary permeability for EDTAWr and inulin; pore theory; dimensions of interendothelial apertures; indicator-diffusion technique; unidirectional extraction; interlaminar diffusion; nonhomogeneity of flow THE MOST WIDELY accepted physical model of the skeletal muscle capillary membrane is the "pore model," which implies the existence of water-filled apertures piercing the capillary wall between the endothelial cells ( 14, 24) . The transcapillary movement of smaller hydrophilic substances is thought to occur by diffusion through these openings. The question under debate concerns the diameter of these openings. Are they so wide (larger than ca. 150 A) as to allow practically free diffusion of substances such as inulin with an effective molecular radius of 12-l 5 A? Or are they so narrow (ca. 50 A) as to induce a considerable degree of restriction to the free diffusion of such substances? The narrow channel will result in a systematic deviation of the ratio between the capillary permeability coefficients from the ratio between the free-diffusion constants. Such evidence of restricted diffusion was found by Pappenheimer and his co-workers (22, 24, 27) comparing the inulin capillary permeability to that of sucrose in the amputated blood-perfused hindlimb of the cat. Crone (7) could not confirm this finding, as he found a sucrose/inulin permeability ratio very close to the free-diffusion ratio in the intact resting hindlimb of the dog. Recent morphological studies of the dimensions of the interendothelial apertures in animal skeletal muscles ( 10, 11, 20) In a preliminary study (3 1) of the capillary permeability characteristics of the human forearm, we obtained permeability data for various hydrophilic substances pointing to the existence of restricted diffusion in hyperemic muscle capillaries.
In an attempt to further clarify whether or not restricted diffusion does occur in skeletal muscle capillaries, the present study was undertaken.
Using the indicatordiffusion technique (5, 6) we obtained simultaneously capillary permeability data for Wr-labeled ethylenediaminetetraacetate, EDTA-Wr, and inulin in the exercising human forearm.
EDTA-Wr is a monovalent extracellular anion with capillary permeability characteristics almost identical to those of sucrose (3 1).
MATERIAL AND METHODS
The nine male subjects investigated were all patients hospitalized for smaller disorders not affecting the cardiovascular system. Their ages ranged from 42 to 64 years, the mean age was 52 years. All subjects had normal blood pressure, normal serum creatinine values, and none had a family history of diabetes mellitus or glucose in the urine at the time of the investigation.
The informed consent of each subject was obtained.
Investigations were performed with the subjects resting in the supine position, with the right arm extended horizontally on a padded arm board. The temperature of the ambient air was kept between 15 and 20 C. Using the Seldinger technique, the brachial artery was catheterized just below the humoral intercondylar line. A polyethylene catheter (id 0.7 mm) was inserted 2-3 cm in the proximal direction.
The median cubital vein was punctured with a needle (id 1.6 mm), which was introduced about 3 cm in the distal direction and a short collecting catheter was connected.
After 20 min of rest, rhythmic exercise with the forearm muscles was performed with the elbow extended and the volar side of the hand and forearm facing upwards. The subjects performed one full forced flexion and extension of the fingers every 2 sec. This exercise was paced by a metronome.
During the last 0.5 min of a 4-to 5-min period of exercise, about 1 ml of the injection mixture was injected into the arterial catheter at a rate of 0.5 ml/set. Starting at the time of injection, a continuous series of blood samples of about 0.5 ml each was collected into heparinized tubes from the venous catheter at the rate of one sample per second. The blood flowed freely and no suction was applied.
The total sampling time was 30 sec. The hand was excluded from the circulation by a sphygmomanometer wrist-cuff inflated to a pressure of 250 mm Hg 2 min before and during the sampling period. The time-to-appearance of recirculation was measured in four subjects by simultaneous collection of I-set-interval venous blood samples from the median cubital vein of the contralateral arm, exercising as described above. Recirculation did not appear at the venous site until 40-45 set after the intra-arterial injection, i.e., after the blood sampling from the right arm was completed.
The plasma concentrations of Evans blue and inulin were determined spectrophotometrically after adequate dilution in isotonic saline (2, 21). The corresponding radioactivity of EDTA-5lC r was counted in equally diluted amounts of plasma. Using a well-type scintillation detector coupled to a conventional scaler, we registered 10,000 counts. The forearm volume was measured by water displacement using the tip of the arterial catheter and the upper border of the wrist cuff as landmarks.
CALCULATIONS
Detailed accounts of the conversion of a single-injection method to a quantitative method for evaluation of unidirectional transcapillary transport processes have been given elsewhere (6, 17, 32) .
Extraction. The fractional loss or extraction of permeable tracer in each blood sample, E(t), is defined as: where T is the time up to which reentry or backdiffusion of permeable tracer from the extravascular space is negligible.
For EDTA-51Cr, T equals the time when the timeconcentration curves have declined to 40% of their peak concentrations, i.e., the integration time is the time interval in which practically constant E(t) values were observed, a constancy taken to denote the absence of significant backdiffusion as discussed in detail elsewhere ( 17).
For inulin, the E(t) values are very small and vary considerably.
Therefore, in order to calculate E, T for inulin is equal to the time when the reference tracer has been washed completely out of the organ, and in which, nevertheless, backdiffusion of inulin is insignificant. It is possible here to use a very long time for T because no apparent backdiffusion from the interstitium is seen to occur within the experimental time (backdiffusion will, when massive, cause negative E(t) values). As indicated in Fig. 1 the slowest Ts corresponding to the longest transit times is largest for Evans blue. This means that, due solely to Taylor diffusion, one must expect E(t) to increase slowly for long transit times. The increasingly concave E(t) curve characteristic of the presence of Taylor diffusion was seen in our inulin studies (Fig. 1) . However, for very long transit times (absolute concentrations of Evans blue of less than 10% of the peak concentration), a tendency for the E(t) curve to flatten out and even decrease was noted. Since the direct measurements of the recirculation mentioned above permitted the exclusion of this factor at the time of non-increasing E(t), we conclude that backdiffusion could be discerned at this time. Only points on the timeconcentration curve obtained before this time were used for the extrapolation procedure.
Attempting, in the manner described above, to exclude backdiffusion and yet to account for all transit times, the calculation used has the nature of an estimation of the total recovery, R (R = 1 -E), of nonextracted inulin molecules. C@iZlary dij'usion capacity (CDC). The CDC, defined as the unidirectional flux (in moles/min) of permeable tracer across the capillary membrane in 100 g muscle per unit concentration difference (in moles/ml), was calculated as :
(1 -E) l k moles/l00 g . min per (moles/ml) (3 where In ( 1-E) is the mean capillary concentration (5, 6, 26) and k is a constant for the conversion of milliliters of plasma to milliliters of interstitial fluid, which is necessary in order to compare the permeability of the two tracers (29). The constant k is equal to the ratio of the equilibrium concentration of the tracer in plasma to that in interstitial fluid. For EDTA-Wr, k = 0.89; for inulin, k = 0.94 ( 15). Plasma flow ( Qp). The Q P in the forearm was calculated in milliliters per 100 g per minute from the forearm volume (taken to represent the weight in grams), the injected amount of Evans blue, and the area beneath the dye timeconcentration curve. Double determinations of CDCEDTA-cr and CDCinulin were performed in three subjects. Using conventional statistical methods, the random experimental error for the CDC determinations was found to be 13 % for EDTA-Wr and 14 % for inulin. that the CDC ratio in all experiments was found to be greater than the D ratio.
RESULTS

In
DISCUSSION
In order to measure muscle capillary permeability by the experimental design used here, exercise must be induced to minimize the influence of the cutaneous circulation. As previously shown (34), the transit times through nonmuscular tissues in the exercising human forearm are long, compared to those of the exercising muscles. Consequently, the influence of nonmuscular tissues is even less than that indicated by the minimal fraction of forearm blood flow supplied to these tissues during exercise. Therefore, essentially correct values for the average extraction in working skeletal muscle have presumably been obtained. But, due to the relatively high blood flow rates, very low values for the extraction of inulin are obtained. The basic difficulty of the present study resides, thus, in the fact that the differences between the relative concentrations of Evans blue and inulin are only a few percent. Considerable care had to be taken to avoid even small systematic experimental errors. This was done by analyzing the tracers in the blood samples and in the injectate at the same, and at fairly low, absolute concentrations.
The mode used in calculating the average extraction, E, for inulin gives a larger E inulin value than any of the five different extraction equations given elsewhere ( 17). In particular, it may be mentioned that, had we integrated over the same time interval as used for calculating EEDTA-cr (the time interval in which constant E(t) values for EDTAWr were observed), then the Einuiin value would have decreased by ca. 30%. The CDCinuiin values, calculated in a corresponding manner, averaged 0.34 moles/ 100 g l min per mole/ml and hence a CDC EDTA-Wr/inulin ratio of 9.59 would have been obtained compared to the value of 6.39 mentioned in RESULTS. Another argument also leads to the conclusion that we may have underestimated the true EDTA-51 Cr/inulin permeability ratio. ( 17) that CDC EDTA-or reaches its maximum value for plasma flows above 15 ml/100 g 9 min. As judged from Fig.  2 , CDCinul in seems to exhibit rather constant and maximal values at the lower plasma flows. A more correct EDTAWr/inulin CDC ratio might thus be obtained using the average CDC EDTA-Cr value of 3.95 & 0.50 (SD, n = 14) for plasma flows above 15 ml/ 100 g. min ( 17). Consequently a more correct EDTA-Wr/inulin permeability ratio may be 7.7.
The exchange properties for EDTA-"Wr over the skeletal muscle capillary wall is practically identical to those of sucrose (3 1). Therefore, our experimental data can be interpreted as indicating a sucrose/inulin permeability ratio of at least 6.39. The ratio of the coresponding freediffusion constants equals ca. 3.2 (9, 13, 14 contrast, Alvarez and Yudilevich (l), in studies performed under low-flow conditions, found a sucrose/inulin permeability ratio very near to the ratio between the corresponding free-diffusion constants. The conclusion to be drawn from the muscle capillary permeability data in the literature and those found in this study is, to us, that restricted diffusion does occur in hyperemic skeletal muscles. This conclusion is in accord with a narrowest diameter of ca. 40 A within the interendothelial slits as originally proposed by Pappenheimer et al. (24) and as recently determined by electron microscopy ( 10, 11, 20) . Having an equivalent diameter of 40 A, these slits need to occupy only 0.02 % of the total 'capillary surface area in order to account for the total unidirectional transcapillary
